Introduction
The longitudinal crack is one of the most severe quality defects in thin slabs. Factors affecting the formation of longitudinal cracks on the shell are complex, particularly in the compact strip production (CSP) process. Due to the characteristics of CSP mold shape, thin slab is prone to longitudinal surface cracks. 1) Ramacciotti et al. 2) found that solidifying shell in the transition region between funnel and parallel part of the funnel-shaped mold bore larger stress than that in other areas. Sun et al. 3) also observed that longitudinal surface cracks mainly appeared in the 1/4 region of the broad face. Zhang et al. 4) reported that the temperature gradient on the slab broad face near the large deformation zone of mold was great, which might be the reason for slab longitudinal cracks. Besides, according to references, 5, 6) the accumulation of non-metallic inclusions in the initial solidified shell can also lead to the drop of stress resistance ability of shell, which finally causes longitudinal cracks on slab surface. And the final distribution of inclusions in slab is closely related to their motion in the mold. Therefore, this article attempts to investigate the effects of inclusion accumulation in thin slab on the occurrence of longitudinal cracks by studying the inclusion behavior in CSP mold.
During the continuous casting process, jets of molten steel exiting the submerged entry nozzle (SEN) ports carry
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inclusion particles into the mold. In addition, droplets of liquid mold slag may be entrained into the molten steel due to excessive surface velocity and level fluctuation. 7) Inclusion particles from the both sources can either float up or be entrapped in the solidifying shell. Many researchers [8] [9] [10] [11] [12] have developed various mathematical models to investigate inclusion transport in the mold. However, most of these studies focused only on the conventional slab/billet mold with regularly shaped geometry. Little work has been done on the coupled modeling of fluid flow, solidification and inclusion motion in a complex-shaped CSP mold.
In this paper, inclusion measurements are carried out on CSP thin slab to analyze the morphology, composition and size distribution of large inclusions. Then, based on the composition, size and quantity of large inclusions obtained by inclusion measurements, the motion of inclusions injected from SEN and slag entrainment in CSP mold are mathematically investigated. And the distribution of inclusions in thin slab and the removal fraction of inclusions are studied.
Research Methods
This work is carried out based on the combination of experimental measurements and numerical analysis. Since it is difficult and costly to analyze the steel cleanness under different operating conditions only by inclusion measurements, mathematical model is adopted as a useful tool. The quantity and size distribution of inclusions obtained by inclusion measurements are used for numerical analysis. And the motion of inclusions in CSP mold predicted by numerical simulation is closely related to the distribution of inclusions in thin slab.
Inclusion Measurements
The experiment is carried out on Low Carbon Al-killed steel (LCAK steel) CSP thin slab at No.3 steelmaking plants in Handan Steel, Hebei Iron and Steel Group Co. Ltd., P. R. China. The CSP process at Handan Steel includes BOF steelmaking, LF refining and CSP thin slab casting. In the actual production, longitudinal surface cracks are found in the thin slab.
The schematic of slab sampling is illustrated in Fig. 1 . Steel samples were taken from three different positions in the slab: the center, the quarter and the edge of thin slab. Each sample is 50 mm in width, 50 mm in thickness and 150 mm in length. The experimental analysis includes slime electrolytic extraction 6) for large nonmetallic inclusions ( > 50 μm in diameter), SEM analysis for the morphology and composition of inclusions. In the slime electrolytic extraction experiment, a relatively large steel sample (about 2 kg) is immersed in a mixed solution of FeCl 2 and FeSO 4 . The sample is almost completely dissolved by applying electric current through it, and the remained nonmetallic inclusions are collected and graded for counting and further analysis.
Numerical Analysis
The standard k-ε turbulence model is chosen to describe the single-phase steady flow in the mold. The enthalpyporosity model is adopted to simulate the solidification process of molten steel. More details are available elsewhere. 8, 13) Due to the low volume fraction of inclusion particles, the uncoupled Lagrangian discrete phase model (DPM) is always applied to calculate the trajectory of particles. The motion of particles can be simulated by integrating the following equations for each particle: (2) where x p is the particle position, t is the time (s), μ is the viscosity of fluid (kg/m•s), u i and u pi are the velocities of fluid and particle at direction i (m/s) , respectively, d p is the particle diameter (m), ρ p and ρ are the densities of particle and fluid, respectively, C D is the drag coefficient, Re p is particle Reynolds number, and g i is the gravitational acceleration rate (m/s 2 ). The three terms on the right-hand side are the drag force (always opposite to the motion direct) per unit of particle mass, the buoyancy force (due to the density difference) and the additional forces (F i ), respectively. To incorporate the chaotic effect of turbulent fluctuations on inclusion motion, the "random walk" model is employed. In this model, the velocity fluctuations of fluid obey a Gaussian probability distribution. The instantaneous fluid velocity is then given by Latent heat of fusion (J/kg) 272 000
Note: [1] Defined as the distance from the bottom of SEN to the meniscus of mold. turbulent kinetic energy (m 2 /s 2 ). The geometry and mesh system are shown in Fig. 2 . The sizes of the first grid next to the wall are less than 2 mm and then increase gradually at a rate of 1.3. In order to reduce the impacts of backflow at the outlet on simulation results, the calculation domain is extended to 2 m. The main dimensions and parameters are listed in Table 1 .
Inclusion particles are assumed to be spherical and introduced into the computational domain at the local fluid velocity. It is assumed that inclusions escape once touching the top surface or entering the bottom of the domain, and are entrapped when contacting the solidifying shell with the liquid fraction below 0.6. 14) Specifically, the amount of simulated inclusions is determined by experimental data rather than that assumed in previous studies. [2] [3] [4] [5] [6] [7] Firstly, the exact number of large inclusions in each sample was determined by SEM analysis. Then, the total amount of different-sized inclusions that enter the two-meter-long calculation domain can be calculated by Eq. (5). And the results are shown in Fig. 3 . In Fig. 3 , the inclusion sizes are classified into five levels, and the size of nearly half inclusions in the molten steel is between 75 μm and 120 μm. Meanwhile, for the convenience of simulation, these inclusions are assumed to be equivalent to 50 μm, 100 μm, 150 μm, 200 μm and 250 μm, respectively. (5) where i represents the inclusions in one size range, N i is the total amount of inclusion i in thin slab, n i is the exact average number of large inclusion i in one slab sample, V slab and V sample are the volume of thin slab and slab sample, respectively. Since the removal fraction of inclusion particles in CSP mold is very low (which is presented in this paper), the amount of removed inclusions can be neglected for the calculation in Eq. (5).
Results and Discussions

Results of Inclusion Measurements
The morphology and components of typical inclusions in slab samples are shown in Table 2 (a, b, c and d represent different types of inclusions). It can be seen that most of the nonmetallic inclusions are spherical except some irregularly shaped inclusions. The chemical compositions of large inclusions are mainly oxide inclusions, such as Al 2 O 3 , MgO, CaO and SiO 2 . According to the inclusion composition, the possible resources of these large inclusions are reoxidation products and erosion of lining refractory. Furthermore, some of these inclusions contain K and Na, indicating that they may be induced from mold slag entrainment. Generally, slag entrainment arises from excessive level fluctuation which will be discussed later in this paper. Figure 4 presents the weight of large inclusions per 10 kg steel in different size range and along the slab width direction. The result shows that inclusions in the range of 140 μm to 300 μm are heaviest in weight, which is 0.53 mg/10 kg steel for heat 1 and 0.63 mg/10 kg steel for heat 2, respectively. Figure 4(b) indicates that the content of large inclusions at the position of 1/4 slab width, which is over 40%, is more than that in other positions. The distribution of inclusions in thin slab is closely related to inclusion behavior in the mold which is significantly affected by fluid flow during the solidification process. Figure 5 shows the characteristics of fluid flow in CSP mold. The jet discharging from the SEN ports traverses across the molten pool and impinges the narrow face to split into two parts, forming a classical double-roll recirculating flow pattern. As the solidification progresses, the liquid pool space becomes narrow and the flow in the mushy zone is weakened, which results in rapid dissipation of turbulent intensity of steel jet in its propagation process. Generally, this predicted flow characteristics in the mold are in agreement with the observed results of water model performed by Torres-Alonso et al., 15) which can be applied to validate the present model to some extent. Figure 6 presents the velocity distribution and level profile on the centerline of top surface. The top surface profile has a great impact on slag entrainment and strand surface quality. The level profile is expressed by the liquid displacement that is estimated from a simple potential energy balance.
Fluid Flow and Solidification in CSP Mold
3) It can be seen that the maximum amplitude of level fluctuation is 7.2 mm and the maximum surface velocity is Figure 7 reveals the predicted growth of solidified shell. The shell thickness on the center line of broad face and narrow face at mold exit are 9.8 mm and 9.0 mm, respectively. The shell thickness is not always increasing as the slab is pulled forward. It can be seen that, a slight drop of shell thickness on the center line of broad face occurs in the range of 0.69 m to 0.74 m below the meniscus, which happens to be located in the region at the edge of the funnel shape of mold. The reason may be that the solidifying shell in this region suffers strong washing of molten steel flow, which leads to the remelting of shell.
Transport of Inclusions Injected through SEN
Based on the size distribution and amount of inclusions analyzed by inclusion measurements, the transport of inclusions ranging in size from 5 μm to 300 μm injected randomly at SEN inlet, was investigated. Three typical snapshots of particle (50 μm) distribution at different time after the first injection are presented in Fig. 8 . The red dots represent moving inclusion particles, and the captured or removed ones are displayed in blue color. As can be seen in Fig. 8 , the inclusions move with the high-intensity jet flow and are first captured by the solidifying shell in the funnel region nearby the parallel part of the mold, where is also the place most of inclusion entrapment occurs. Therefore, inclusion accumulation is most likely to occur in this region of thin slab. And this result is mainly attributed to the funnelshaped structure of CSP mold.
Nine seconds later after the first injection (Fig. 8(c) ), the inclusion particles are dispersed throughout the domain. Those inclusions which escape from the bottom region of calculation domain are trapped deeply in the thin slab. Figure 9 shows the removal fraction of inclusions in different sizes from the top surface of mold. The removal fraction increases with increasing inclusion diameter, from 2.18% for 5-μm inclusions to 3.67% for 300-μm inclusions. This result is expected since the buoyancy force acting on large inclusions is larger than that on small ones. The buoyancy force contributes to the floating of inclusions. However, the overall removal fraction is low. Because the residence time of inclusions is short owing to the high casting speed, there is no enough time for inclusions to float up. Moreover, inclusion particles of 100 μm to 300 μm are large enough to cause severe quality problems, yet are predicted to have high entrapment fractions. Therefore, it is important to remove these inclusions before casting. By projecting the entrapment positions in the entire computational domain onto a transverse x-y section, the distribution of 100-μm inclusions in the cross section of strand is calculated, as shown in Fig. 10 . The solid curve represents the solidifying front at the domain exit (2 m below the meniscus). It can be seen that the captured inclusions within the solidified shell are unevenly distributed. The inclusions are concentrated approximately 5 mm to 10 mm beneath the slab surface, while the distribution of inclusion content along the slab width direction is shown more clearly in Fig. 11 . Figure 11 shows the distribution of inclusion content along the slab width direction obtained by numerical simulation and inclusion measurements. The predicted relative mass percentage (I p,i ) of entrapped inclusions by numerical simulation can be calculated by Eq. (6). (6) where m p,i is the mass of inclusions entrapped in thin slab at a specific position i (i.e. the center, quarter and edge of thin slab), n is the number of positions for the comparison.
As can be seen in Fig. 11 , the distribution tendency of inclusion content obtained by simulation is similar to the experimental results. More large inclusions gather at the position of 1/4 slab width and less inclusions stay in the slab center, which is consistent with the earlier results (as shown in Figs. 4 and 8) .
It is well-known that large inclusions are very harmful to mechanical properties of thin slab and the inclusion accumulation in slab may cause longitudinal cracks. Combined Figs. 8 and 11, it can clearly reveal that inclusion behavior in CSP mold has a great effect on the distribution of inclusions in the solidified shell.
Transport of Inclusions from Slag Entrainment
According to the earlier results in the present study, some inclusions contain K and Na which are the chemical elements in mold slag. Besides, the level fluctuation is violent. Therefore, mold slag entrainment is most likely to appear in CSP mold. It is reported that in CSP mold studied in the present work, the mold slag entrainment is mainly caused by high velocity flow that shears slag from the top surface, and the specific entrainment positions are shown in reference. 17) In order to quantitatively investigate the transport of these inclusions, three groups of particles with sizes of 100 μm, 250 μm and 400 μm, and with the density of 2 700 kg/m 3 are taken into account. They are injected into the transi-tion zone from funnel to parallel shape 10 mm below the meniscus, where such slag entrainment most likely occurs. Figure 12 presents the fractions of removal and capture of slag particles. The removal fraction increases greatly with particle diameter increasing, whereas the capture fraction is the other way around. More than 91% of 400-μm particles are removed. However, the removal fraction drops to 41% for 100-μm slag particles. Approximately 23% of 250-μm inclusions are entrapped by solidified shell, though a small quantity but detrimental to slab quality. Hence, it is very important to optimize the flow pattern to reduce slag entrainment. Moreover, it should be focused on controlling the flow at the top surface to avoid the entrainment of new slag particles rather than attempting to enhance the removal of inclusions which enter the mold through the SEN.
17)
The predicted removal positions of 250-μm inclusions on the top surface are shown in Fig. 13 . It is obvious that the removed slag inclusions gather within the funnel zone nearby the SEN. This is related to the slag entrainment position and the horizontal flow below the top surface. The slag droplets would move with the molten steel towards the SEN once mold slag is entrained into the mold. Besides, these large inclusions can easily float up owing to the big buoyancy force. As a result, most of them float to the top in the funnel zone.
Conclusions
Based on the experimental investigation of large inclusions in thin slab, a 3D analysis of the coupled fluid flow, solidification and inclusion behavior in CSP mold is performed. The following conclusions can be summarized:
(1) Inclusion measurements indicate that some large inclusions may be induced from mold slag entrainment and large inclusions accumulate at the position of 1/4 slab width.
(2) Most of the inclusions injected through SEN are captured by the solidifying shell in the funnel region nearby the parallel part of the mold, which may result in the accumulation of inclusions in this region. The removal fraction is less than 4%. Both the experiment and simulation results indicate that large inclusions are mainly concentrated at the position of 1/4 slab width, which may cause the formation of longitudinal cracks.
(3) Inclusions entrained from the liquid mold slag are easy to be removed. Over 75% of the 250-μm to 400-μm slag droplets return to the slag layer.
